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Abstract— Pneumatic artificial muscle (PAM) is a pneumatic 
actuator that commonly used in the biomimetic robotic devices in 
rehabilitation applications due to its advantageous in high power-
to-weight ratio and high degree of safety in use characteristics. 
Several techniques exist in the literature for the PAM system 
modeling, and these include theoretical modeling, 
phenomenological modeling and empirical modeling. This paper 
focuses on explaining the experimental setup of an opposing pair 
configuration of PAM system, and gives an analysis of the 
pneumatic muscle system dynamic in the theoretical modeling. 
The simulated dynamic model is compared with the actual PAM 
system for the validation in the open-loop step and sinusoidal 
positioning responses and pressures. It is concluded that the 
simulation result is verified and agreed with the actual system.     
 
Index Terms— Mathematical modeling; Classic control; 
Pneumatic artificial muscle; Opposing pair configuration. 
 
I. INTRODUCTION 
 
Nowadays, the development of advanced technologies is 
involving the number of robotic and automation applications. 
Those applications have required an actuation system in 
driving the motion of the system. Pneumatic muscle actuator 
becomes highly demanded as an actuation system in the 
industrial applications and biomimetic robotic devices, 
especially in rehabilitation applications, due to its 
advantageous in high power-to-weight ratio and high degree 
of safety in use characteristics. One of the pneumatic muscle 
actuators that commonly used is called McKibben pneumatic 
artificial muscle (PAM) that generates a pulling force via 
pressurized air and contracts in the axial direction while 
expanding in the radial direction. PAM consists of an 
inflatable rubber tube sheathed by a braided mesh. It is a 
promising actuator in robotics since its driving force is large 
despite its light weight. Thus, PAM has attracted much 
attention in welfare devices due to its high safety, low weight 
and powerful output [1]. For example, it has been applied as a 
power assist device for rehabilitation applications [2-6]. 
However, PAM has significant nonlinearity, hysteresis and 
creep phenomenon. These limitations lead to a low 
controllability and a high difficulty in achieving the precision 
system control.  
In practice, it is difficult to estimate correctly the model 
parameters which govern the dynamics of a PAM. In order to 
model the dynamics of PAM, several modeling methods have 
been studied, such as theoretical of mathematical modeling, 
phenomenological modeling and empirical modeling. Chou 
and Hannaford [7] derived a model based on the principle of 
virtual work argument of an infinitely thin inner tube and 
continuously cylindrical shape actuator. Tondu and Lopez [8] 
modeled the noncylinderical form of the PAM to improve the 
accuracy of model. Besides, Doumit et al. [9] presented a 
force-based static model by taking into account the netting 
analysis of the muscle braid, as well as the bladder effects. 
The result showed that the proposed force-based model is 
more accurate than the model that proposed by Chou and 
Hannaford.  
These theoretical models limit its application for real-time 
control because it is too complex in structure and requires too 
many parameters that are difficult to obtain during 
experimentation. Therefore, some researchers have devoted to 
adopt the phenomenological model to describe the PAM’s 
dynamics. Reynold et al. [10] introduced a model that used 
visco-elastic parameters to describe the behavior of PAM. 
This model consists of a parallel arrangement of a spring 
element, a damping element and a contractile force element. 
The authors claimed that the coefficient functions of the three-
element model can be applied to the dynamic case. 
Furthermore, Li et al. [11] proposed a nonlinear dynamic 
model using the generated force of PAM to produce a function 
of the operating pressure and contraction length of the PAM. 
This model includes a viscous damping coefficient as well.  
In this paper, the theoretical modeling of dynamic 
characteristics for the PAM system in opposing pair 
configuration is discussed. In order to validate the usefulness 
of the modeled dynamic PAM system in numerical, it is 
therefore compared with the experimental performances. This 
study contributes in the analysis of the overall system 
dynamics, and aims to understand the characteristics of the 
PAM system. The rest of this paper is organized as follows. In 
Section 2, the experimental setup of PAM system is presented. 
Section 3 describes the dynamic of the PAM system 
mathematically. Comparison between simulation and 
experimental result is discussed in Section 4 and followed by 
conclusion in Section 5. 
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II. EXPERIMENTAL SETUP 
 
An experimental setup is designed and constructed using 
two pneumatic artificial muscles (PAMs) and a mover is 
located in between the two PAMs in a horizontal motion, as 
shown in Figure 1. The two PAMs (FESTO DMSP-10-150N-
RM-CM) generate pulling forces to push and pull the 2kg 
mover along the horizontal moving direction in a maximum 
working range of  4.5mm. Air is injected from the pressure 
supply with a pressure of 0.5MPa and controlled by a 5-port 3-
way proportional servo valve (FESTO MPYE-5-1/8LF-010-
B). The pressures in the two PAMs are measured using two 
pressure sensors (SMC PSE540A-01) with the resolution of 
0.0012MPa, while the displacement of the mover is measured 
using a linear encoder with the resolution of 0.1µm. A data 
acquisition unit is used to interface with a host computer that 
installed MATLAB/Simulink software. The sampling time is 
0.1ms. 
 
 
 
Figure 1: Overview of the PAM system (top view) 
 
The PAM system is constructed in an opposing pair 
configuration. The initial position of the table (mover) is in the 
middle position, 0mm. The displacement of the table is 
considered as negative value when PAM1 contracts, and 
positive value when PAM2 contracts. The McKibben PAM 
consists of an inflatable rubber tube sheathed by a braided 
mesh. It has variable-stiffness spring-like characteristics due 
to its physical structure. Figure 2 shows the free body diagram 
of the PAM mechanisms. 
 
 
 
Figure 2: Free body diagram of the PAM mechanisms 
 
 
III. CHARACTERISTIC MODELING 
 
In this section, the PAM system dynamic is discussed in 
sequence. In order to analysis the system dynamics, the 
mathematical modeling involves the consideration of the mass 
flow rates through the servo valve, the determination of the 
pressures, volumes and temperature of the air in the PAMs, 
the determination of the forces through PAMs, and the 
determination of the load dynamics. The overall dynamic 
model of the PAM system is formulated using the flow 
dynamics, G , mass flow dynamics, mG  , pressure dynamics, 
PG  , force dynamics, FG , volume dynamics, VG  and motion 
equation, xG . Figure 3 shows the block diagram of the overall 
system dynamic. Table 1 presented the system parameters and 
its numerical value. 
 
 
Figure 3: Block diagram of the overall system dynamic 
 
Table 1: System parameters and numerical values 
 
Parameter Symbol Numerical value 
Air constant R  287J/kg.K 
Atmospheric pressure atmP  3.8 x 10
3Pa 
Change rate of pressure PAM1 1P

 kg/ms
3 
Change rate of pressure PAM2 2P

 kg/ms
3 
Critical pressure ratio crP  0.528 
Damping coefficient B
 
1.8 x 103Ns/m 
Displacement of the mover x
 
m 
Effective orifice area A  6.28 x 10-7m2 
Estimated coefficient 0a  -12N 
Estimated coefficient 1a  
3.5 x 10-3m2 
Estimated coefficient 0b  657.9N/m 
Estimated coefficient 1b  
1.96 x 10-3m 
Estimated coefficient 2b  
-3 x 10-6m3/N 
Flow function of PAM1 1  - 
Flow function of PAM2 2  
- 
Force of PAM1 1F  
N 
Force of PAM2 2F  
N 
Friction coefficient frictionF  
2 x 104N/m 
Initial PAM volume 0V  
4 x 10-6m3 
Input signal U  V 
Mass flow rate of PAM1 1m  kg/s
 
Mass flow rate of PAM2 2m  kg/s 
Mass of the mover M
 
2.123kg 
Maximum of flow function max  
- 
Pressure of gas of PAM1 1P  
Pa 
Pressure of gas of PAM2 2P  
Pa 
Specific heat ratio   1.4 
Supply pressure sP  3.9 x 10
5Pa 
Temperature of gas T  293K 
Volume flow rate of PAM1 1Q
 
1 x 10-9m3/s 
Volume flow rate of PAM2 2Q
 
1 x 10-9m3/s 
Volume of gas of PAM1 1V
 
m3 
Volume of gas of PAM2 2V
 
m3 
Volume rate of PAM v
 
2 x 10-4m2 
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A. Mass Flow Dynamics 
The motion of the mover is regulated by a servo valve that 
features a position-controlled spool. The spool position is 
controlled by the voltage signal from 0V to 10V, where the 
middle spool position is equivalent to 5V. In the modeling, the 
input signal, U is defined as the range of  5V, where the 
middle position is equivalent to 0V. In general, the mass flow 
rate is a function of velocity of the gas, the density of the gas, 
and the orifice area. However, the effective orifice area is 
governed by the control voltage of the servo valve in this case. 
Therefore, the mass flow dynamics, mG   of PAM1 and PAM2 
are formulated in Equation (1) and Equation (2) respectively. 
The dynamics are assumed that gas behaves ideally, no heat 
exchange occurs, and temperature remains constant. The room 
temperature is considered as 20ºC. 
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Besides, the flow dynamics, G  is modeled into two 
conditions, which the PAM is in the condition of inflation or 
deflation as shown in Equation (3) and Equation (4). 
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where 1  and 2  have two conditions which are choked flow 
and subsonic flow as a function of the downstream to 
upstream pressure ratio. Equation (5) and Equation (6) show 
the flow function of PAM1 in deflation and inflation 
conditions, respectively, while the flow function of PAM2 in 
inflation and deflation conditions is shown in Equation (7) and 
Equation (8) respectively. Furthermore, max  is presented in 
Equation (9). 
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B. Motion Equation 
During the contraction process, the PAM is expanding its 
diameter and reducing its length at the same time. Besides, the 
maximum force is generated at the beginning of the 
contraction, and the force decreases with the increment of the 
contraction. The motion equation of the PAM mechanism can 
be described as follows: 
 
frictionFFFxBxM  12  (10) 
 
In order to validate the modeled dynamic of PAM system in 
numerical, it is therefore compared and verified with the 
experimental performances. 
 
IV. EXPERIMENT RESULT 
 
In this section, the comparison of open-loop responses are 
discussed between the simulation using the dynamic model as 
derived and experimental using the actual PAM system. The 
model parameters are identified based on the experimental 
results. 
 
A. Static Relationships 
The static relationships between input voltage, pressures of 
PAM1 and PAM2, and mover position are summarized. 
Figure 4 presents the static relationship between input voltage 
and pressure of PAM1 and PAM2; the static relationship 
between input voltage and displacement. The result shows that 
the system is high nonlinearities.  
Based on Figure 4(a), the maximum pressure of the 
contracted PAM is about 390kPa rather than 500kPa (supply 
pressure), due to the losses caused by the friction inside the 
tubing and the leakage from the servo valve when the 
pressurized air transferred from the compressor to the PAM. 
Besides, the maximum pressure of the relaxed PAM is about 
3.8kPa, which is lower than the atmospheric pressure as 
101.3kPa. This is because the contracted PAM is pulling the 
relaxed PAM, which caused the pressure inside the relaxed 
PAM becomes lower than the atmospheric pressure. As a 
result, the supply pressure and atmospheric pressure are 
defined as 390kPa and 3.8kPa respectively for the simulation.  
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Furthermore, the pressure is 210kPa when the mover is at 
the middle position with the input voltage of 5.1V. The 
changes of pressure are large from 4.5V to 5.8V with the small 
changes of input voltage. However, the pressures from 0V to 
3V and 7V to 10V have slight changes with respect to the 
large changes of input voltage. This happened because the 
relaxed PAM becomes stiff when it has been pulled over the 
elasticity limit. 
The displacement of the mover is proportional to the 
pressure difference between PAM2 and PAM1. The result of 
the displacement is nonlinear between the contraction of the 
PAM1 and the PAM2 due to the hysteresis and the nonlinear 
friction force. The working range is around ±3.2mm for the 
0.5MPa of supply pressure as shown in Figure 4(b). 
 
 
 
Figure 4: The static relationships between (a) input voltage and pressure of 
PAM1 and PAM2, and (b) input voltage and displacement 
 
B. Experimental Validation 
Figure 5 and Figure 6 show the open-loop step responses of 
the PAM system with the input signal of 1V and 3V 
respectively. In step response, the simulated pressure of 
PAM1, P1 is similar to the experimental pressure as shown in 
Figure 5 and Figure 6. However, the simulated pressure of 
PAM2, P2 is slightly different as compared to the 
experimental pressure in the inflation process for 1V and 3V, 
due to the nonlinear of friction force, air flow, and pressure 
supply from the compressor which cannot be modeled 
accurately in theoretical. As a result, the experimental 
displacement is slightly increasing after steady-state. Besides, 
the physical structure of the PAM also one of the factors that 
results in higher error of P2 when comparing the performances 
of 1V and 3V. This is because the material of the PAM is 
made of rubber and the rubber cause the hysteresis. The 
experimental results in Figure 5 and Figure 6 demonstrate that 
a higher input voltage results in a higher pressure error in the 
contracted PAM. For the reason, a higher input voltage 
produces a higher initial velocity, thus a higher initial velocity 
is expanding the PAM more than a lower initial velocity as 
shown in Figure 5(d) and Figure 6(d). The pressure error is 
then caused the displacement error became larger as the input 
voltage increased.  
Figure 7 and Figure 8 show the open-loop sinusoidal 
responses of the PAM system with the amplitude of 1V and 
3V with frequency of 1Hz respectively. Based on the 
comparative sinusoidal performance in Figure 7 and Figure 8, 
the pressures and displacement of experiments are tracked in 
the responses by referring to the simulation results. However, 
the amplitudes are not achieved due to the unmodeled 
nonlinear characteristics in numerical analysis as well. 
Overall, it can be concluded that the simulation results are 
proven and agreed well with the experimental one. 
 
 
Figure 5: Open-loop step responses of (a) P1, (b) P2, (c) displacement and (d) 
velocity with the simulation and experimental results with the input signal of 
1V 
 
 
Figure 6: Open-loop step responses of (a) P1, (b) P2, (c) displacement and (d) 
velocity with the simulation and experimental results with the input signal of 
3V 
 
 
Figure 7: Open-loop sinusoidal responses of (a) P1, (b) P2, (c) displacement 
and (d) velocity with the simulation and experimental results with the 
amplitude of 1V and frequency of 1Hz 
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Figure 8: Open-loop sinusoidal responses of (a) P1, (b) P2, (c) displacement 
and (d) velocity with the simulation and experimental results with the 
amplitude of 3V and frequency of 1Hz 
 
V. CONCLUSION 
 
This paper presented the theoretical modeling of a highly 
nonlinear positioning system that work in a small travel range, 
±3.2mm. Therefore, an opposing pair configuration of a PAM 
system was successfully constructed and the overall PAM 
system dynamics have been theoretically modeled. The 
characteristics of mass flow, pressure, force and motion of the 
PAM system was proved and explained. The static experiment 
has been done to model the relationship between the supply 
voltage with the table motion and working-pressure. The 
simulation result of dynamic model is macroscopically 
verified with the actual PAM system. The modeled dynamic is 
proven and agreed well with the experimental performance. 
The PAM system is a highly nonlinear system due to the PAM 
mechanism itself, friction force, air flow and the pressure 
supply from the compressor. It is difficult to identify a 
complex and the exact dynamic model by including all the 
nonlinear characteristics. 
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